Abstract -Two experiments were carried out in 1996-1998 to study (1) the germination behaviour of red rice seeds kept for different periods of time in field and laboratory conditions, and (2) the weed emergence behaviour in response to different burial depths. The first experiment was carried out considering mature red rice seeds of two biotypes which were exposed to field conditions and to 20°C, for different periods of time, and then tested for their germinability over 6 months. The time required for red rice seed to germinate in petri dishes depended on the storage conditions and proved to be inversely related to the storage duration. Immediately after harvesting, the red rice seeds required 180 days of permanence in petri dishes to germinate. This time was reduced to 20 days when the seeds were exposed for 30 days at 20 °C or for 160 days in field conditions. The second experiment was conducted both in the greenhouse and in the field, placing seeds at different depths from 0 to 13 cm, in saturated and flooded soil conditions, and in loamy and clayey soil. The emergence was affected both by the depth of burial and the presence of a water layer on the soil surface, and occurred from a maximum depth of 10 cm. Most of the emergences were recorded in the 0-5 cm soil layer in saturated loamy soil (92-45%).
Introduction
Red rice (Oryza sativa L.) is a troublesome weed that infests most rice growing areas throughout the world [16, 22] . This weed is characterised by a wide variability of anatomical and biological traits [5, 19] , even though it shows a high similarity with cultivated rice varieties, in particular in the early growth stages. The caryopsis usually has a pigmented pericarp, which can be removed with an extra milling that results in broken grains and grade reduction [6, 7, 28] .
Weed control strategies are mainly based on a combination of preventive, cultural and chemical practices, with the objective of reducing the weed seed content in the soil [11, 15, 30] . Preventive methods alone are often inadequate, as it is difficult to obtain rice seed that is completely free from weed grains. Cultural and chemical practices are commonly applied, turning rice to rotational crops adopting the false seeding technique. Rotation is frequently the best way to reduce severe red rice infestations but cannot be adopted in saline and hydromorphic soils [2, 26] . The false seeding technique is commonly applied in continuous rice cultivation by stimulating red rice germination with field flooding and spraying systemic herbicides before crop planting.
The successful application of these measures greatly depends on the number of plants which are able to emerge and that can be destroyed with herbicides both in rotational crops and in rice monoculture.
Many weed species normally emerge during a specific period of the year [9, 21, 23] . This behaviour is mainly influenced by seed cultural practices, environmental conditions and dormancy status [14, 25] . In cropping systems it has been observed that, in general, the ability of weed seed to germinate is affected by the depth at which seeds are buried, in consequence of different soil tillages [24] . It has also been demonstrated that the emergence, in relation to the burial depth, mainly depends on the differences in moisture content, aeration, light availability and temperature within the soil profile, and varies according to the species [3, 17, 29] and the seed size [18] . Soil water moisture also modifies the germination and emergence times within a season. Grain dormancy may depend on physiological (embryo immaturity, endogenous germination inhibitors), mechanical (impermeable seed coats) and environmental factors [27] . It has been demonstrated that red rice, like domestic rice, is mainly influenced by environmental factors, such as temperature, moisture, oxygen and weak acids [4, 13] . In some experiments, complete dormancy breaking occurred within 4-6 weeks after-ripening at 20 or 30°C, while at 5°C, this time was dependent on the time allowed to attain safe storage moisture at 20°C [4] . Leopold et al. [20] found, in red rice seeds stored at -15°C, that the break of dormancy is very low for moisture contents higher than 18% and lower than 5%. There is however a lack of information on red rice germination after shattering in field conditions, as most studies on dormancy of this weed have been conducted in controlled environmental conditions [8, 12, 20] .
The objectives of this study were to evaluate the time required for germination of red rice seeds kept for different periods of time in field and laboratory conditions and to determine the weed emergence behaviour in response to different burial depths. The study was conducted in the 1996-1998 period. Red rice seeds were collected from mature panicles in naturally infested fields located in the Vercelli area (N.W. Italy), in September 1995 and 1996. Two awnless biotypes were considered in both years. One biotype (EA) came from a paddy cultivated for 6 years with an early long-grain variety (cv. Ariete) and was characterised by a short cycle, tall size and dark panicle. The second biotype (LA) came from a late round-grain variety (cv. Elio) and showed a long cycle, small size and straw-coloured panicle. About 3 kg of seeds of each biotype were harvested by hand-shattering in each year. Intact seeds of both biotypes were immediately broadcast by hand on a rice field area free from red rice, in which the straw was previously removed. Afterwards, the seeded area was covered by a net placed about 15 cm over the soil surface, in order to avoid bird predation. Some other intact seeds were dried at 20°C on open trays in the laboratory for 7 days and then stored in sealed glass jars at 20°C. The seed moisture content remained constant (12-13%) during storage. Samples of 500 seeds for each biotype were randomly taken from the field at variable intervals of time. The samplings were carried out up to 215 days from the seed distribution, with samples being picked weekly during the first 70 days and every 14 days (from the 70th to the 124th). Two additional samplings were made on the 183rd and 215th days. Subsamples of 100 seeds each were randomly taken from the 500-seed samples in order to obtain replicates for the germination test, which started within a day of each collection. Germination tests were performed in glass petri dishes in darkness at a constant temperature of 25°C. Germination tests had a 6 month duration, to cover the whole period in which germination in the field could occur. The germinated seeds were counted each day during the first 20 days and then weekly till the end of the test. The germination tests were also performed each year on seeds of each biotype stored at 20°C. In this case, the germinability was assessed at 0, 15, 30 and 70 days after the collection. Regression analysis was performed considering the time (in days) of exposure to field conditions (as the independent variable) and the time of exposure to petri dish conditions needed to reach the maximum level of germinability (as the dependent variable).
Experiment 2 -emergence from different soil depths
This study was conducted in the greenhouse and the field.
The greenhouse study consisted of two sets of experiments carried out in 1996 and 1997 at the experimental station of Carmagnola (Turin). In all the experiments, red rice emergence was tested, placing seeds in pots (15 × 15 × 18 cm) at 0, 2, 4, 6, 8, and 10 cm of depth, both in saturated and in flooded conditions. In 1996 the experiment was conducted twice (in October and December) in loamy soil (34.8% sand, 59.9% silt, 5.4% clay). In 1997 the experiment was conducted once, in loamy and clayey (15.3% sand, 59.5% silt, 25.2% clay) soil. The pots were placed in tanks in which the water level was maintained at either 4-5 cm over the soil level, in the case of a flooding condition, or at the same level of the soil, in the case of a saturated condition. Each pot was planted with 200 weed seeds at one of the considered depths. The red rice seeds were collected and stored at room temperature in the year preceeding that of the experiment. Germinability of the seeds was tested in glass petri dishes at a constant temperature of 25°C prior to the start of the trial.
During the experimental period, the air temperature in the greenhouse ranged from 15 to 21°C. In the 1996 experiment, the red rice seedlings that emerged from each pot were counted daily until 60 days after the beginning of the trial. The experimental design was a split-plot with 4 replicates. The main treatment was the water level (flooded and saturated), and the subplots were the seeding depths.
The field trial was conducted in a loamy soil, during 1998 at Mortara in a rice field free from red rice. In this trial, red rice seeds were placed at 4 depths: 0-1, 4-5, 8-10, and 12-13 cm. As in the greenhouse trial, two water management systems were tested: flooded (with 5-6 cm of water) and saturated conditions. The experimental design was a split-plot with 4 replicates, in which the main plots were subjected to different water management and the subplots to the various seeding depths. The subplots (with a surface of 4 m 2 each) were planted with red rice seeds in 25 cm spaced lines, with 400 seeds m -2 density. The counting of the red rice seedlings was carried out 60 days after the sowing.
Analysis of variance was performed on the arcsin transformed data of the emergence percentage.
Results and discussion

Experiment 1 -germination, as affected by the time elapsed after shattering
The results of this experiment pointed out that the ability of red rice seeds to germinate was greatly influenced by the conditions in which the seeds were stored. The data of the two years have been averaged as no year effects were highlighted by statistical analysis for all the considered parameters. No significant differences were observed between the two considered biotypes. Immediately after collection from the mature panicles, as reported in Figure 1 , the seeds showed the first germination only after 165 days of continuous permanence in the petri dishes (DPD). After this time, the germination rate rapidly increased, and the percentage of cumulative germination reached its maximum value at 170 DPD (mean ± standard deviation: 98% ± 5.6).
The behaviour of the seeds after 15 days from the shattering was quite similar, either when stored at room temperature or exposed to field conditions. The first germinated seeds were observed after 70 DPD and 86 DPD, in the case of storage at 20°C, and of permanence in the field, respectively. In both cases, after this time, the germination rate increased slowly till 135-140 DPD, and then rose quickly in a few days. As observed for the seeds tested immediately after the collection, the maximum percentage of cumulative germination was reached in both cases after 170 DPD.
The germination pattern was different for the two conservation conditions considering the seeds tested 30 days after the collection. The seeds maintained at 20°C showed high values of germinability already after 6 DPD (43.7% ± 14), and reached a percentage that was not significantly different from the maximum value which had already been obtained after 14 DPD. In contrast, the seeds maintained in the field showed a lower germination rate, even though they started to germinate after 6 DPD, and reached the maximum value of germination percentage (97.5% ± 2.5) after 153 DPD.
These results are in good agreement with the findings of Cohn and Hughes [4] regarding the effect of various storage temperatures on post-harvest dormancy of red rice seeds. Total germinability does not seem to be affected either by the time or the tested storage condition (20 °C or field). No statistical differences were, in fact, observed for all the total germinability values, which showed a mean value of 97.2% ± 3.7l. Considering this behaviour, a regression analysis was performed relating the days of exposure to the field conditions (DEF) to the DPD values referring to the highest cumulative germination values (Fig. 2) . A quadratic model fits the trend of the variables with a high level of significance (P(F) < 0.001). The two considered variables have a high level of correlation, as indicated by the value of the determination coefficient (r 2 = 0.971). The value (201.4) and the significance (P(F) < 0.001) of the intercept in this case are relevant in practical terms and indicate that red rice seeds taken from mature panicles and immediately placed in petri dishes require about 200 days to express all their potential germination capacity. Moreover, most of the germination, as reported in Figure 1 , occurred at the end of this period and no differences were observed between EA and LA biotypes.
Experiment 2 -emergence from different soil depths
Greenhouse trial
The germinability of the seeds utilized in this experiment was 94% and 98% in the first and second year, respectively. The two trials conducted in the first year showed similar results. For this reason only their average values are discussed in this paper. The results of the first year showed that the emergence of red rice was significantly affected both by the depth at which it was planted and the presence of the water layer (Fig. 3A) . The highest percentage of emergence (50.7%) was recorded in moist soil for the seeds placed on the soil surface. In these water conditions, emergence occurred from seeds placed up to 6 cm, even though the percentage of emergence already fell below 10% for the seeds placed at 4 cm. In flooding conditions, the emergence percentages were always significantly lower, with a maximum of 16% for the seeds placed on the soil surface. In this case, no emergence was recorded from seeds placed below 4 cm. An examination of the non-emerged seeds showed that some of them had in fact germinated, producing elongated coleoptiles which failed to reach the surface. The percentage of these unemerged seedlings on the total unemerged seeds was, in moist soil, 45% at 4 cm, 21% at 8 cm, and 2% at 10 cm, and in flooded soil, 15% at 4 cm, 6% at 8, and 0% at 10 cm.
The results obtained in the second year of the experiment showed similar trends (Figs. 3C and  3D ). In this case, the emergences recorded were generally higher, especially for the seeds placed in the upper layers (0 and 2 cm), and the values showed a higher variability. This behaviour can be partly explained by the higher germinability of the seeds used. The emergence rate, as observed in the previous year, was greatly affected by the depth of the seeds, and also in this case notable emergence rates only occurred from seeds placed up to 4 cm deep. On the other hand, the effect of water management was less remarkable. Significant differences for moist and flooded conditions were observed but only for seeds placed on the surface of clayey soil and at 4 cm in loamy soil. As far as the effect of soil texture is concerned, though the mean values of the emergence rates were generally higher in loamy soil, statistical differences were observed only in flooded conditions for seeds placed at 4 cm.
Agriculture and Environment
Field trial
The emergence of red rice seedlings in field conditions showed a behaviour that was similar to that observed in the greenhouse trial (Fig. 3B) . The main differences concerned the effect of water management. In saturated conditions, the red rice in fact emerged with roughly the same percentage both from the surface and from 5 cm of depth. Remarkable emergence rates (12.6%) were also recorded from seeds placed at 10 cm, and some seedlings (0.4% of the seeds) were still able to emerge from 13 cm of depth. In contrast, the emergence rates were significantly lower in the flooded conditions for all the considered depths. In particular, it drastically fell from the surface (50.6%) to 5 cm depth (2.2%). No emergence was recorded from 10 and 15 cm depth.
Conclusions
The red rice seeds were not able to germinate immediately after shattering. This condition of dormancy required different lengths of time to be broken, according to the environmental conditions following the shattering. Dried seeds continuously maintained at 20°C showed fast germination already after 30 days of storage, while in the field, the seeds required about 150 days of exposure to obtain a high germination percentage within the 30 days of the germination test. The relationship between the days of exposure to field conditions and the duration of the germination test to obtain the highest germination percentages is well fitted by a quadratic function. This behaviour is in accordance with the observations showing that red rice is not able to emerge in field conditions just after shattering during the autumn, though temperatures are favourable for germination. The results of the study on the depth of emergence showed that only red rice seeds placed at up to 10 cm of depth were able to give viable seedlings in saturated conditions. The majority of emergence was recorded from the seeds buried in the 5 cm upper layer. Particularly in clayey soil, the presence of a water layer on the soil surface consistently affected the emergence of red rice seeds buried below the first few centimetres of soil. The information acquired in this research could be helpful in planning more cost-effective control practices. For instance, any control measure based on the stimulation of red rice germination before rice planting should be postponed to the springtime and managed in conditions of soil saturation.
